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GluR2; polyamines; cobalt; glutamate receptor; olfaction GLUTAMATE IS THE TRANSMITTER used in most of the brain's excitatory synaptic circuits, including those in the olfactory bulb (OB). Its actions are mediated by three classes of ionotropic receptors: N-methyl-D-aspartate (NMDA) receptors, ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs), and kainate (KA) receptors. AMPARs are heterotetramers formed from the glutamate receptor subunits GluR1-GluR4. Their properties vary in association with multiple factors, including receptor subunit composition, alternative splicing, and RNA editing (11) . For example, alternative splicing of the AMPA gene generates "flip" and "flop" splice variants for each of the GluR1-GluR4 subunits, with distinct desensitization kinetics. We recently reported both electrophysiological (3) and molecular (20) data suggesting that flip and flop splice variants are expressed heterogeneously in the OB.
In addition to alternative splicing, some AMPAR subunits undergo RNA editing at the Q/R site. For GluR2, the singlecodon, glutamine-to-arginine substitution alters the AMPAR's current-voltage (I-V) relationship (21, 64) , reduces its Ca 2ϩ permeability (7, 21) , and influences its sensitivity to blockade by internal polyamines and spider toxins (5, 34) . The editing of GluR2 is 99.9% effective, so most GluR2-containing AMPARs do not flux Ca 2ϩ . However, AMPARs that lack or contain unedited GluR2 generate inwardly rectifying currents and are highly Ca 2ϩ permeable (7, 21, 64) . These Ca 2ϩ -permeable AMPARs (CP-AMPARs) have been found in a variety of regions (e.g., hippocampus, neocortex, spinal cord) (13, 15, 16, 33, 36, 44) and have been implicated in physiological processes including synaptic transmission (16, 24, 25, 28, 44) and long-term depression (40) . Increasing evidence suggests that CP-AMPARs also play a role in some forms of neuropathology (48, 63, 67) .
In permeabilities (37, 60, 73) . In the present study, we used immunocytochemistry, histology, and whole cell electrophysiology, combined with several selective antagonists of CPAMPARs [Joro spider toxin (JSTX) and 1-naphthylacetyl spermine (NAS)], to test two hypotheses. 1) Subsets of principal cells and interneurons in the OB express CP-AMPARs. 2) Some functional CP-AMPARs are expressed at synapses, where they play a role in excitatory synaptic transmission.
METHODS
The protocols for all procedures that we performed were approved by the Florida State University Institutional Animal Care and Use Committee.
Tissue Culture
The procedure for preparing primary cultures of OB neurons was described in detail elsewhere (61) . Briefly, OBs were harvested from postnatal days 1-5 (P1-P5) Sprague-Dawley rat pups, cut into 1-mm cubes, and enzymatically treated in a Ca 2ϩ -buffered papain solution for 1 h at 37°C. The tissues were then triturated with a fire-polished pipette until a single-cell suspension was achieved. The cells were plated onto 35-mm-diameter culture dishes on a confluent monolayer of previously prepared OB astrocytes at a density of ϳ250,000 cells per dish.
Neuronal Identity
The morphological, physiological, and immunohistochemical criteria established by Trombley and Westbrook (62) were used to identify and differentiate presumptive mitral/tufted (M/T) cells and interneurons. Briefly, the OB cultures contained two morphologically distinct populations of neurons: a small number of large-diameter (20 -40-m soma), pyramidal-shaped neurons, as well as a much larger population of small-diameter (5-to 10-m soma) bipolar neurons. These characteristics correlate with M/T cells and granule/ periglomerular cells (OB interneurons), respectively.
Our previous electrophysiological and immunocytochemical (ICC) analyses of these neuron populations further support this notion. In monosynaptically coupled pairs, intracellular stimulation of neurons with M/T cell-like morphology invariably evoked glutamate-mediated excitatory postsynaptic potentials, whereas intracellular stimulation of the small bipolar neurons evoked GABA-mediated inhibitory postsynaptic potentials (62) . In addition, the large pyramidal neurons (presumptive M/T cells) were immunoreactive for N-acetylaspartylglutamate, whereas the small bipolar neurons (presumptive interneurons) were immunoreactive for glutamic acid decarboxylase (62) .
Preparation of OB Slices for Electrophysiology
OB slices were prepared from 14-to 28-day-old Sprague-Dawley rats that had been anesthetized with halothane and then killed by decapitation. OBs were rapidly removed and placed in ice-cold oxygenated (95% O 2-5% CO2) saline solution. Horizontal slices (400 m) were made using a vibratory microtome (Vibratome, St. Louis, MO) and incubated in a holding chamber for 30 min at 35°C. Slices were then stored at 20 -24°C until use. For electrophysiology, slices were placed into a recording chamber and viewed using a Leica microscope (Leica Microsystems, Wetzlar, Germany) equipped with infrared differential interference contrast optics. Mitral cells and juxtaglomerular (JG) cells were discriminated on the basis of morphology and location within the slice (56) .
Preparation of OB Slices for Histology
OB slices were prepared from 28-to 180-day-old Sprague-Dawley rats. For Co 2ϩ staining, slices were prepared as described above for electrophysiological recording. For GluR2 immunocytochemistry, animals were anesthetized deeply by administration of chlornembutal (0.3 ml/100 g) and then transcardially perfused with 100 ml of 0.1 M PBS (pH 7.2) containing 0.2% heparin, followed by 250 ml of a 4% formaldehyde solution.
Co 2ϩ Staining
Co 2ϩ staining is a histological method of identifying CP-AMPARs (43, 47, 53) that has been used successfully to demonstrate the presence of CP-AMPARs in other brain regions (e.g., hippocampus, cortex) (69, 71) . It was originally reported that Co 2ϩ staining reflects Ca 2ϩ influx through CP-AMPARs and/or KA receptors and not through voltage-gated Ca 2ϩ channels or NMDA receptors (53) . More recent data have suggested that Co 2ϩ staining reflects Ca 2ϩ influx specifically through CP-AMPARs and not through KA receptors (30, 43) .
To identify OB neurons that express CP-AMPARs, brain slices (400 m) and primary cultures were exposed to 100 M KA together with 5 mM CoCl 2 in physiological buffer for 5 min at room temperature. The samples were then washed with buffer containing 3 mM EDTA to remove extracellular Co 2ϩ . Next, the cell samples were incubated in 0.12% (NH4)2S in buffer for 5 min to precipitate intracellular Co 2ϩ and then were washed three times with buffer. The cells were subsequently fixed with 4% paraformaldehyde for 30 min. After fixation, the cells were washed three times in buffer and incubated in a developmental solution containing 5 parts 0.1 M AgNO 3, 20 parts 2% hydroquinone and 5% citric acid, and 100 parts 20% gum arabic. This solution was changed every 15 min, and silver-staining enhancement was monitored using microscopy. Once enhancement was complete (ϳ45-50 min), the reaction was terminated by washing the solution three times in water and then samples were mounted and photographed for analysis.
Immunocytochemistry
Our procedures were modified from previously described protocols (62) . Brain slices were examined for immunoreactivity against the GluR2 subunit using GluR2 antibodies (Chemicon International, Temecula, CA). Parallel experiments were conducted in culture. OB slices (permeabilized with 0.1% Triton X-100) and cultures were incubated in blocking serum (5% goat serum) for 45 min, washed three times with PBS, and incubated for 24 h at 4°C in rabbit anti-rat GluR2 antibody (1:500 dilution). After being washed in PBS, the tissue was incubated in a goat anti-rabbit Cy3-labeled secondary antibody (1:800 dilution) for 45 min. The tissue was washed three times with PBS and mounted using Gel/Mount (Biomeda, Foster City, CA). Light microscopy was used to evaluate the labeling of individual neurons by GluR2 antibodies to determine cellular and laminar patterns of GluR2 expression.
Electrophysiology
Primary culture. OBs were prepared for primary dissociated cultures using the methods described above (61) . Whole cell voltageclamp recording in OB neurons was performed at room temperature after the OB neurons had spent 7-21 days in culture. The 35-mmdiameter culture dish was used as the recording chamber and was perfused at 0.5-2.0 ml/min with a bath solution containing (in mM) 162.5 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose, with pH adjusted to 7.3 with NaOH. The final osmolarity was 325 mosmol/l. Patch-clamp electrodes were pulled from borosilicate glass to a final electrode resistance of 4 -6 M⍀. These electrodes were filled with a solution containing (in mM) 145 CsCl or KMeSO4, 1 MgCl2, 10 HEPES, 4 Mg 2ϩ -ATP, 0.5 Mg 2ϩ -GTP, and 1.1 EGTA (pH 7.2; 310 mosmol/l). In a subset of experiments, 100 M spermine was included in the intracellular solution for analysis of current rectification.
Drugs were diluted in the bath solution and applied via a gravityfed flow pipe perfusion system assembled from an array of 600-mdiameter square glass barrels. An electronic manipulator (Warner Instrument, Hamden, CT) was used to position the flow pipes near the neuron, and pinch clamps were used to control drug flow. The speed of the solution changes allowed peak drug responses to occur within 100 ms. Neurons were perfused continuously with bath solution (control), except during drug application. The applied drugs were 100 M KA, 10 M NAS, 0.5 M JSTX, 3-10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 100 M D,L-2-amino-5-phosphonovaleric acid (AP5), 1 M TTX, and 100 M spermine (Sigma, St. Louis, MO).
OB slices. Whole cell patch-clamp recordings were obtained from JG and mitral cells in OB slices using methods similar to those that we and others have described previously (2, 55) . For all experiments, the extracellular solution was oxygenated (95% O 2-5% CO2) and contained (in mM) 125 NaCl, 25 NaHCO 3, 1.25 NaH2PO4, 25 glucose, 2.5 KCl, 1.0 MgCl 2, and 2 CaCl2, pH 7.3. Patch pipettes were pulled to a resistance of 1-3 M⍀ in mitral cell recordings and to a resistance of 3-10 M⍀ in JG cell recordings. Excitatory postsynaptic current (EPSC) measurements were performed using a pipette solution containing (in mM) 125 CsMeSO 4 or KMeSO4, 2 MgCl2, 0.025 CaCl2, 1 EGTA, 2 Na ϩ -ATP, 0.5 Na ϩ -GTP, and 10 HEPES, pH 7.3. Electrical stimulation of OB sensory neuron axons was conducted using a bipolar tungsten electrode (125-m tip separation; Frederick Haer, Brunswick, ME) to stimulate the olfactory nerve layer (ONL). In some experiments, an extracellular patch pipette filled with extracellular solution was used to stimulate the ONL. Stimulatory pulses were generated by the computer, which triggered a stimulus isolation unit (stimulation ranged from 200 to 500 A). In these experiments, 10 mM lidocaine N-ethyl bromide was added to the electrode solution to prevent action currents. Extracellular drugs were delivered using the flow pipe or bath perfusion.
Use of selective antagonists of CP-AMPARs.
In whole cell electrophysiological studies, we examined the effects of two selective antagonists, JSTX and NAS, of CP-AMPARs on AMPAR-mediated, KA-evoked currents recorded in OB neurons. JSTX, the toxin of the Nephila clavata spider, has been shown to selectively block recombinant (4) and native (16, 22, 45) AMPARs that lack GluR2. For example, Iino et al. (22) reported that JSTX-3, a synthetic form of JSTX, specifically suppressed responses mediated by CP-AMPARs in rat hippocampal neurons.
NAS is another synthetic analog of JSTX that has been reported to have effects similar to those of JSTX (37) . In another study, NAS selectively suppressed the inwardly rectifying currents and CPAMPARs expressed by one type of hippocampal neuron, with no effect on AMPARs observed with slight outward rectification and little Ca 2ϩ permeability expressed by another type of hippocampal neuron (37) . Thus evidence exists that both of these drugs are selective antagonists of CP-AMPARs.
Experimental Procedures
Presumptive M/T cells and interneurons in primary culture were identified on the basis of previously established morphological, physiological, and immunohistochemical criteria (see above) (62) . To examine membrane currents evoked by KA (100 M), whole cell recordings were obtained from the cell bodies of randomly selected M/T cells and interneurons using an AxoClamp 2B amplifier (Axon Instruments, Sunnyvale, CA) in discontinuous (switch frequency of 10 -15 kHz) or continuous voltage-clamp mode. Membrane currents were filtered at 1-3 kHz, digitized at 5-10 kHz, and analyzed using AxoGraph software (Axon Instruments).
The effects of JSTX or NAS on AMPAR-mediated currents were evaluated by comparing the steady-state amplitudes of currents evoked by 100 M KA alone and 100 M KA with NAS (or JSTX). The resulting degree of current inhibition was expressed as a percentage of the control (KA alone) current and estimated using the following formula: [amplitude of KA ϩ NAS (or JSTX) current/ amplitude of KA-alone current] ϫ 100. Similarly to methods used in previous studies (28) , KA rather than AMPA was used as an agonist to avoid the effects of receptor desensitization. Because KA receptors mediate relatively small currents and desensitize rapidly, measurement of the steady-state amplitudes of these nondesensitizing currents likely reflects currents mediated by AMPARs.
In addition to fluxing Ca 2ϩ , CP-AMPARs generate inwardly rectifying currents (64) . To further test our hypothesis that OB neurons express CP-AMPARs, we investigated the rectification properties of currents recorded in M/T cells and interneurons in culture. I-V plots were generated from ramps run during application of control, KA, or KA ϩ NAS, and currents were leak subtracted. Ramp I-V plots were obtained by holding the membrane potential at ϩ50 mV and ramping the cell membrane potential to Ϫ100 mV for 2 s. Cells were ramped from positive membrane potentials to negative membrane potentials to reduce contributions from voltage-gated channels (66) .
Data from several studies suggest that current rectification, rather than being an intrinsic property of the CP-AMPAR channel, is generated by a polyamine block (5, 34, 35) . Whole cell recording tends to dialyze the cell, removing intracellular polyamines responsible for rectification (5) . Inclusion of polyamines (e.g., spermine, spermidine) in the electrode restores the inward rectification, which is lost with the diffusion of cytoplasmic factors (5, 34) . Therefore, 100 M spermine was added to the intracellular solution in studies of rectification. Rectification indexes (RIs) were determined by comparing the conductance ratios at ϩ40 and Ϫ60 mV (RI ϭ Gϩ40/GϪ60) (32, 60) .
To investigate the presence of synaptic CP-AMPARs, NAS was applied during synaptic events (EPSCs) evoked in JG and mitral cells using ONL stimulation. In these experiments, AMPAR-mediated events were isolated by blocking NMDA receptors with 100 M AP5.
Data Analysis
Averaged values are expressed as means Ϯ SE. Student's t-test and contingency tables in StatView software (SAS Institute, Cary, NC) were used to establish the statistical significance (P Ͻ 0.05) of neuron population-based differences.
RESULTS

GluR2 Is Heterogeneously Expressed in OB Cultures and Slices
To test our first hypothesis that subsets of OB principal cells and interneurons express GluR2-lacking CP-AMPARs, we first performed immunohistochemistry in OB cultures and slices with a GluR2-specific antibody. In OB slices from 28-to 180-day-old rats, widespread GluR2 immunoreactivity was observed among mitral cells, granule cells, and JG cells (Fig. 1,  A-C) , but subsets of each population remained weakly labeled or unlabeled. In primary culture, AMPARs on somas and dendrites of most but not all M/T cells and interneurons expressed GluR2 (Fig. 1, D and E) .
Co 2ϩ Labeling Supports Diverse Expression of CP-AMPARs in OBs
Co 2ϩ staining, which involves the KA-stimulated influx of Co 2ϩ through CP-AMPARs, is a histological means of identifying these receptors (30, 43, 53) . Studies conducted in both 28-and 180-day-old rat OB slices (Fig. 2, A and B) and primary culture (P1-P5 tissue samples) (Fig. 2, E and F) revealed diverse patterns of Co 2ϩ staining of OB neurons. Labeling in each bulb layer in OB slices ( Fig. 2A) suggested that subsets of most OB neuron subtypes (e.g., mitral cells, tufted cells, juxtaglomerular cells, granule cells) express CPAMPARs. Also consistent with this hypothesis is that in control experiments, coapplication of 10 -30 M NAS with KA and Co 2ϩ blocked KA-stimulated Co 2ϩ labeling (Fig. 2C) . No staining was observed in other control experiments, which included treating cells with KA alone (data not shown), Co 2ϩ alone (data not shown), and KA ϩ Co 2ϩ ϩ 3-10 M CNQX (an AMPAR antagonist) (Fig. 2D) .
Selective CP-AMPAR Antagonists Inhibit AMPAR-Mediated Currents in the Majority of Cultured OB Neurons
The recent commercial availability of selective antagonists of CP-AMPARs affords investigators another means of identifying these receptors. In whole cell electrophysiological studies, we examined the effects of two selective antagonists, JSTX and NAS, on AMPAR-mediated currents recorded in OB neurons in primary culture. To avoid effects of AMPAR desensitization, KA rather than AMPA was used as an agonist.
In voltage-clamp mode at a holding potential of Ϫ60 mV, flow pipe application of 100 M KA evoked currents in all OB neurons examined (n ϭ 124, including 76 M/T cells and 48 interneurons). In 87 (70.2%) of 124 of these cells, coapplication of 10 M NAS during AMPAR-mediated (KA-evoked) currents produced some degree of current inhibition (Fig. 3A,  traces 2-4) . No effect of NAS was observed in the remainder of the cells [37 (29.8%) of 124 cells] (Fig. 3A, trace 1) . In comparing neuronal subtypes, current inhibition was observed in 51 (67.1%) of 76 of M/T cells vs. 36 (75.0%) of 48 of interneurons, but these differences were not statistically signif-icant (P ϭ 0.35). JSTX (0.5 M) produced qualitatively similar results, inhibiting AMPAR-mediated currents in 10 (62.5%) of 16 cells examined (Fig. 3B) .
Degree of NAS-Induced Block of AMPAR-Mediated Currents Varies Within and Between Neuron Populations
Among the interneurons with NAS-induced blocks (n ϭ 36), NAS decreased the amplitudes of AMPAR-mediated (KAevoked) currents to between 13% and 91% of the control current. Among the M/T cells with NAS-induced blocks (n ϭ 51), NAS decreased the amplitudes of AMPAR-mediated currents to 33-90% of the control current. Thus the degree of inhibition caused by NAS varied widely within neuron populations as observed in a previous study in cultured hippocampal cells (37) .
We also observed differences between neuron populations regarding the degree to which NAS inhibited AMPAR-mediated currents. In interneurons with NAS-induced blocks (n ϭ 36), NAS (10 M) decreased the steady-state amplitudes of AMPAR-mediated currents to 57.6 Ϯ 3.8% of the control current (Fig. 3C) . In M/T cells in which there was an inhibitory effect of NAS (n ϭ 51), NAS (10 M) decreased the steadystate amplitudes of AMPAR-mediated currents to 81.6 Ϯ 2.2% of the control current (Fig. 3A) . Thus NAS produced a greater degree of current inhibition in interneurons than in M/T cells (57.6% vs. 81.6%; P Ͻ 0.0001).
Other Characteristics of CP-AMPARs Are Found in OB Neurons
In addition to fluxing Ca 2ϩ , CP-AMPARs generate inwardly rectifying currents (64) . Prior data from cultured hippocampal neurons indicate that the degree of Ca 2ϩ permeability and inward rectification are well correlated; that is, more inward rectification corresponds to higher Ca 2ϩ permeability (41). Thus, as another means of confirming our findings that OB neurons express CP-AMPARs, we generated I-V plots from ramps run during application of control, KA, or KA ϩ NAS as described in METHODS. To restore intracellular polyamines that could be depleted during whole cell recording, spermine (100 M) was added to the intracellular solution. RIs were determined by comparing the conductance ratios at ϩ40 and Ϫ60 mV (RI ϭ G ϩ40 /G Ϫ60 ) (32, 60) . Lower RI indicates greater inward rectification.
Consistent with the expression of CP-AMPARs, inwardly rectifying currents were observed in 14 (50%) of 28 of the cultured OB neurons examined (15 M/T cells and 13 interneurons) (Fig. 4) . Figure 4A shows an example of currents evoked by applying KA or KA ϩ NAS and demonstrates ϳ50% NAS-induced block of the current. Figure 4 , trace B1, is an I-V plot showing inward rectification of the current evoked by KA in the same cell, indicating the presence of CP-AMPARs; the NAS-sensitive portion of the current (KA-only current Ϫ KA ϩ NAS current) demonstrates even greater rectification (Fig. 4, trace B2 ). In contrast, Fig. 4C shows an example of a cell with no NAS-induced block of KA-evoked currents. The I-V plot in the same cell demonstrates no rectification of the current evoked by KA (Fig. 4, trace D1) , indicating the presence of GluR2-containing AMPARs. Consistent with this finding, virtually no NAS-sensitive current was observed in this cell (Fig. 4, trace D2) .
The mean RI in cells with inwardly rectifying currents was 0.67 Ϯ 0.06 vs. 1.25 Ϯ 0.06 in cells with linear or outwardly rectifying I-V plots. The difference between these I-V plot groups was statistically significant (P Ͻ 0.0001). The rectifi- cation was most evident when the NAS-sensitive portion of the current (KA alone current Ϫ KA ϩ NAS current) was isolated (Fig. 4) .
Regarding cell type, the mean RI in M/T cells with inwardly rectifying currents (n ϭ 6) was 0.75 Ϯ 0.08 vs. 1.26 Ϯ 0.07 in M/T cells with linear or outwardly rectifying I-V plots (n ϭ 9). The difference between these values was statistically significant (P ϭ 0.001). Among M/T cells with inwardly rectifying currents, 10 M NAS decreased the amplitudes of AMPARmediated currents to 68.8 Ϯ 8.1% of the control current compared with 90.8 Ϯ 2.4% of the control current in cells without inward rectification. This difference was statistically significant (P ϭ 0.005).
The mean RI in interneurons with inwardly rectifying currents (n ϭ 8) was 0.58 Ϯ 0.06 vs. 1.21 Ϯ 0.15 in interneurons with linear or outwardly rectifying I-V plots (n ϭ 5). The difference between these groups was statistically significant (P ϭ 0.004). In interneurons with inwardly rectifying currents, 10 M NAS decreased the amplitudes of AMPAR-mediated currents to 59.5 Ϯ 7.8% of the control current compared with 94.1 Ϯ 3.2% of the control current in cells with linear or outwardly rectifying I-V plots. These differences were statistically significant (P Ͻ 0.01).
Some granule cells, PG cells, and external tufted cells in previous studies showed anomalous rectification activated by hyperpolarization to less than Ϫ80 mV (8, 52). This phenom- enon was attributed to the superimposition of two components: 1) a Ba 2ϩ -insensitive current blocked by 4-(N-ethyl-N-phenylamino)-1,2-dimethyl-6-(methylamino) pyrimidinium chloride (ZD7288; Zeneca Pharmaceuticals, Macclesfield, UK), a blocker of hyperpolarization-activated currents (8, 14, 52, 70) ; and 2) a Ba 2ϩ -sensitive current, suggesting the presence of inwardly rectifying K ϩ currents (52) . These currents, which are sensitive to extracellular Cs ϩ , would not be blocked under our experimental conditions (internal Cs ϩ ). However, because these currents activate at potentials more negative (Ϫ80 mV) than our RI based on Ϫ60 mV as a negative reference, this condition should not have affected our results.
NAS Inhibits AMPAR-Mediated Synaptic Events
As is true of many ionotropic receptors, AMPARs can be synaptic and extrasynaptic, and both populations may be important to function. To test the hypothesis that CP-AMPARs are synaptically activated, we examined the effects of 10 M NAS on AMPAR-mediated synaptic events (EPSCs) evoked in JG and mitral cells using ONL stimulation. AMPAR-mediated synaptic events were isolated from NMDA receptor-mediated events by coapplication of AP5.
In 7 (77.8%) of 9 JG cells and 6 (60%) of 10 of mitral cells, bath application of 10 M NAS ϩ 100 M AP5 suppressed the amplitudes of the synaptic responses (EPSCs) compared with responses obtained using AP5 alone (Fig. 5) . These percentages were similar to the percentages of cultured interneurons (75%) and M/T cells (67%) with NAS-induced inhibition of AMPAR-mediated currents. When coapplied with 100 M AP5, 10 M NAS decreased the mean amplitude of EPSCs in JG cells from 264.2 Ϯ 83.0 pA to 168.8 Ϯ 47.6 pA (63.8% of control current; P Ͻ 0.001) and the mean amplitude of EPSCs in mitral cells from 80.7 Ϯ 15.9 pA to 58.2 Ϯ 12.5 pA (72.1% of control current; P ϭ 0.004) (Fig. 5) .
DISCUSSION
Collectively, our ICC, histological, and electrophysiological data support the hypothesis that the majority of OB neurons express CP-AMPARs, including some at synapses. These data represent the first evidence that OB neurons express AMPARs that flux Ca 2ϩ , which supports our initial observations (2a).
Heterogeneous GluR2 and Co 2ϩ Labeling in the OB
ICC data from the present study and RT-PCR data from our previous work (20) suggest that although GluR2 is expressed widely and heterogeneously in the OB, subsets of neurons in both culture and slice remained unlabeled or weakly labeled. These results are consistent with previous reports that the degree of GluR2 labeling varies between and within hippocampal and cortical neuron populations (50, 63, 68) , as well as between the soma and dendrites of individual pyramidal cells (65, 72) . Labeling was evident in several olfactory structures in a previous study in which a selective GluR2 antibody was used to investigate GluR2 expression in the OB, including granule cells of the main OB and M/T cells of the accessory OB (50). Similarly to our ICC data, Co 2ϩ staining produced diverse patterns of the degree of labeling in both culture and slice preparations among individual cell types. These findings are consistent with previous reports that KA-activated Co 2ϩ uptake, a marker for CP-AMPARs (30, 53) , is present in subsets of cortical (71) and hippocampal (69) neurons expressing CP-AMPARs, including GABAergic interneurons and principal cells.
Effects of NAS on AMPAR-Mediated Currents Vary Within and Between Cell Types in Culture
Although NAS produced some degree of current inhibition in the majority (70.2%) of OB neurons examined, the degree to which NAS blocked AMPAR-mediated currents varied widely within each neuron population. One interpretation of these electrophysiological and pharmacological data is that single OB neurons express various combinations of Ca 2ϩ -permeable and Ca 2ϩ -impermeable AMPARs. In a previous study (37) conducted in cultured hippocampal cells, the degree of NASinduced inhibition of AMPAR-mediated (KA-evoked) currents also varied widely among neurons with a mean RI similar to that reported in our present study.
In the present study, the degree of inhibition was greatest in interneurons. This finding is similar to results demonstrated in other brain regions suggesting that CP-AMPARs are principally expressed by GABAergic interneurons (23, 28, 33, 36, 44, 71) . For example, AMPARs expressed by dentate gyrus basket cells in the hippocampus, which are thought to be GABAergic interneurons, are highly Ca 2ϩ permeable (36) . Most electrophysiological studies have produced little evidence that principal cells express CP-AMPARs (15, 33) . However, our finding that NAS inhibited AMPAR-mediated currents in a subset of M/T cells suggests that some, if not most, principal cells of the OB do express CP-AMPARs. Using a combination of techniques, Yin et al. (72) showed that many hippocampal pyramidal neurons expressed CP-AMPARs on their dendrites. In the OB, M/T cells showed both dendritic and somatic labeling. The expression of CP-AMPARs on the dendrites of M/T cells suggests that they could play a role at both axodendritic and dendrodendritic synapses.
Intracellular Spermine Demonstrates Inward Rectification of AMPAR-Mediated Currents
Although data from a previous study (29) suggested that OB interneurons express mainly AMPARs with low Ca 2ϩ permeability, the researchers in that study did not investigate principal cells. Jardemark et al. (29) found that current responses to KA in acutely isolated and cultured OB interneurons showed a linear/outwardly rectifying I-V relationship in contrast to the inwardly rectifying I-V plots associated with expression of CP-AMPARs.
One explanation for this different finding is the diffusion of polyamines during whole cell recording (5, 34) . It also is possible that a significant proportion of the CP-AMPARs could be lost through the dendritic pruning that occurs with acute isolation, because evidence from other brain regions suggests that CP-AMPARs may be expressed primarily on the dendrites of some neurons.
Our observations regarding rectification are similar to those in some previous studies. In one previous study (37) conducted in cultured hippocampal neurons, cells with a mean RI similar to that in the present study (mean RI in our study 0.67 Ϯ 0.06 vs. 0.69 in their study) had degrees of NAS-induced block comparable to that in the cells in the present study (mean NAS-induced block in our study 64.1 Ϯ 5.5% vs. 58.4 Ϯ 6.8% in their study). In contrast, cells in which NAS had no effect on AMPAR-mediated (KA-evoked) currents in the previous study had an RI of 1.05 compared with 1.25 Ϯ 0.06 in the present study.
Possible Roles of AMPARs in the OB
Increasing evidence suggests that CP-AMPARs can be synaptic or extrasynaptic (38) and that both populations may be important to function. There are a number of possible roles for CP-AMPARs in the OB. In dorsal horn neurons, Ca 2ϩ influx into cells has been shown to modify synaptic strength (16) . Ca 2ϩ entry into postsynaptic cells of the OB via CP-AMPARs could affect synaptic strength through several mechanisms. For example, an intracellular rise in Ca 2ϩ could (via dephosphorylation) inactivate AMPA/KA receptors, thus altering fast components of synaptic transmission (42, 57) .
It also has been shown in rat dorsal horn neurons that Ca 2ϩ entry via CP-AMPARs can inhibit adjacent NMDA receptors (39) . In the OB, the release of GABA from the granule cell spines at reciprocal dendrodendritic synapses depends on the activation of NMDA receptors (27, 55) . Thus the presence of CP-AMPARs at these synapses could influence reciprocal inhibition. Recent data has suggested that CaMKII is highly expressed in the external plexiform layer (EPL) and the granule cell layer of the OB and is localized to granule cell spines and dendrites at sites of reciprocal dendrodendritic synapses with M/T cells (74) . At these synapses, the influx of Ca 2ϩ via NMDA receptors may activate CaMKII, which may phosphorylate multiple substrates important for synaptic transmission and neural plasticity (6, 19, 74) . Because the present report is the first to describe CP-AMPARs in the OB, the potential for CPAMPARs in the OB to activate CaMKII at these synapses has not been examined specifically. However, Ca 2ϩ influx through CP-AMPARs in the retina activates CaMKII and mediates dendritic plasticity of retinal horizontal cells (47) , and similar mechanisms could exist in the OB.
Another possible Ca 2ϩ /calmodulin pathway in the OB that could be influenced by CP-AMPARs involves the Ca 2ϩ /calmodulin-dependent protein phosphatase calcineurin. Halpain and Greengard (18) reported that activation of NMDA receptors in the hippocampus induced rapid dephosphorylation of microtubule-associated protein 2 (MAP2). Other brain regions, including the OB, also showed dephosphorylation of MAP2 in response to NMDA. On the basis of these and other results, Halpain and Greengard hypothesized that NMDA receptor activation induces the dephosphorylation of MAP2 by stimulating a protein phosphatase, possibly calcineurin. Because CP-AMPARs have been shown to inhibit NMDA receptors in dorsal horn neurons (39) , the presence of CP-AMPARs at glutamatergic synapses in the OB could provide a source of Ca 2ϩ for the dephosphorylation of MAP2 under conditions in which NMDA receptors could be inhibited (see also below).
A recent focus in studying the OB has been the role of dendritic Ca 2ϩ influx at OB reciprocal synapses and its main sources in the dendrites of interneurons. One proposed mechanism of Ca 2ϩ entry involves NMDA receptors (9, 17, 26) . For example, Chen et al. (9) found that feedback inhibition elicited by photorelease of caged Ca 2ϩ in mitral cell secondary dendrites persisted when Cd 2ϩ and Ni 2ϩ were used to block voltage-gated Ca 2ϩ channels. On the basis of these results, Chen et al. concluded that Ca 2ϩ influx through NMDA receptors can directly trigger presynaptic GABA release for local dendrodendritic feedback.
Other proposed sources of dendritic Ca 2ϩ at reciprocal synapses include low-and high-threshold voltage-gated Ca 2ϩ channels (12, 46, 51) and Ca 2ϩ -induced Ca 2ϩ release from internal stores (12) . Using two-photon imaging in acute rat brain slices and glomerular stimulation of M/T cells, Egger et al. (12) found that weak activation of M/T cells produced stochastic Ca 2ϩ transients in individual granule cell spines. Ca 2ϩ sources for these local synaptic events included NMDA receptors, voltage-dependent Ca 2ϩ channels, and Ca 2ϩ -induced Ca 2ϩ release from internal stores. Although CPAMPARs are not likely to be as effective as NMDA receptors as a source of Ca 2ϩ influx or voltage-gated Ca 2ϩ channels, they may be an important source under certain conditions. For example, under physiological conditions, NMDA receptors are subject to voltage-dependent block by Mg 2ϩ , whereas CPAMPARs are not. Consequently, Ca 2ϩ influx though CPAMPARs is significant at negative membrane potentials; under these conditions, the driving force on Ca 2ϩ is high but NMDA receptors remain blocked and most voltage-gated Ca 2ϩ are not activated. This situation could produce significant elevations of intracellular Ca 2ϩ , particularly in small microdomain compartments such as the dendritic spines that are the targets of excitatory synapses in the OB.
OB neurons also express other Ca 2ϩ -binding proteins, including calbindin, calretinin, and parvalbumin (54). These intracellular proteins, which act as buffers to modulate intracellular free Ca 2ϩ levels (1, 10, 31, 49) , show cell-type and layer-specific expression (31) . For example, a subset of interneurons expressing parvalbumin has been localized to reciprocal synapses with M/T cells in the EPL (58) . Parvalbumin tends to be localized to neurons that are selectively deficient in GluR2 (i.e., CP-AMPARs) (59) , which provides additional support for the notion that CP-AMPARs are present at reciprocal synapses.
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